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by Irina M. Artemieva and Hans Thybo

Deep Norden: Highlights of the lithospheric
structure of Northern Europe, Iceland, and

Greenland

University of Copenhagen, Denmark. E-mail: irina@geol.ku.dk

We present a review of geophysical models of the conti-
nental lithosphere of Norden, which includes the Nordic
countries (Denmark, Iceland, Finland, Norway, Swe-
den) and Greenland; also the adjacent regions of the
neighbouring countries. The structure of the crust and
the lithospheric mantle reflects the geologic evolution of
Norden from Precambrian terrane accretion and sub-
duction within the Baltic Shield and Greenland to
Phanerozoic rifting, volcanism, magmatic crust forma-
tion, subduction and continent-continent collision at the
edges of the cratons and at the plate boundaries. The
proposed existence of a mantle plume below Iceland has
not been uniquely demonstrated by the available seis-
mic evidence. Its connection to the break-up of the
North Atlantic Ocean c. 65 My ago is uncertain, but the
>30 km thick crust in the strait between Iceland and
Greenland may indicate the track of the plume. Using
the results from seismic (reflection and refraction pro-
files, P- and S-wave, body-wave and surface-wave
tomography), thermal, gravity, and petrologic studies,
we review the structure of the crust
and the lithospheric mantle of Nor-
den and propose an integrated
model of physical properties of the
lithosphere of the region, including
maps of lateral variation in crustal
and lithospheric thicknesses and
compositional variation in the
lithospheric mantle.

Tectonic setting

The continental crust of Norden is chiefly
of Precambrian age (Gaal and Gorbatschev,
1987), with large parts covered by Phanero-
zoic sedimentary sequences (the continen-

to about sea level in the sediment-covered areas around Denmark,
the North Sea and Baltic Sea, and the continental shelves. The young
(<16 Ma, Bjornsson et al., 2005) crust around the oceanic spreading
centre in Iceland is, surprisingly, above sea level, attaining surface
elevations of up to 1,000 m. In the central parts of Greenland, where
the ice cap reaches an elevation of c. 3,500 m above sea level, the
bedrock topography is some hundred meters below sea level (Bam-
ber et al., 2001), in contrast to the slightly elevated topography at the
western coast and the generally high elevation (up to c. 2,500 m)
along the eastern margin, where the topography is similar to the
other side of the North Atlantic, in Norway. Negative bedrock topog-
raphy in central Greenland may be explained by isostatic balancing
of the load of the ice cap; the thickest ice sheet is found in those parts
of Greenland where the bedrock topography is most depressed.

Due to the ice cover, the crust in Greenland is known only in a
narrow rim at along the coast. Where it outcrops, it is mainly of Pro-
terozoic age (Kalsbeek, 1993), although much of southern Green-
land is Archaean and the Itsaq gneiss complex of southern West
Greenland hosts some of the oldest rocks on Earth (c. 3.9 Ga, Baads-
gaard, 1973; Nutman et al., 1993). Kimberlite dikes and pipes are
also found in parts of western Greenland. The eastern parts of Green-
land have been subject to the Caledonian orogeny, similar to the
Norwegian side of the North Atlantic Ocean. The margins of Green-
land and Norway were rifted apart during continental break-up and
opening of the North Atlantic Ocean at about 65 Ma.

tal shelves and the North Sea area) and ice  Figure 1 ~Upper part: Topography and bathymetry of Norden (based on ETOPO2 data, NOAA,
(Greenland). The topography is highly vari-  2001). Dashed black lines— locations of 2 profiles (the European Geotraverse EGT and along
able (Figure 1) with generally high topogra-  65°N) discussed in the text. White boxes labeled A and B— outlines of regions shown in other
phy in Norway (reaching c. 2,500 m in the figures. Red lines—proposed tracks of Iceland hotspot (numbers —ages in My) (after Forsyth
peaks), gradually leveling eastwards to a et al., 1986 and Lawver and Miiller, 1994). Dashed yellow line—Trans-European Suture Zone
constant value of a few hundred meters in (TESZ), which separates Precambrian East European craton from Phanerozoic Europe.
the Precambrian shield of Sweden, Finland ~Abbreviations: GIR—Greenland-Iceland ridge, IFR —Iceland-F aeroe ridge, KR — Kolbeinsey
and Russian Kola-Karelia, and decreasing Ridge, RR —Reykjanes ridge, JM — Jan Mayen microcontinent, L—Archaean Lofoten block.
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The Baltic Fennoscandian Shield in Norden includes an
Archaean block (chiefly 2.9-2.7 Ga), located in the Kola-Karelian
provinces of Finland and Russia, to which a series of terranes (Sve-
cofennia) were accreted during the late Proterozoic (2.0-1.8 Ga)
(Gaal and Gorbatschev, 1987). The southern part of the Baltic Shield
has been significantly affected by the Sveconorwegian orogeny
(1.1-0.9 Ga). The Caledonian orogeny (500-400 Ma) along the pre-
sent western margin of the Baltic Shield and the eastern margin of
Greenland resulted from collision of two main plates of Baltica and
Laurentia. In the North Sea area, a micro-continent or a series of
accreted terranes (Avalonia) formed a triple junction with Baltica
and Laurentia (MONA LISA Working Group, 1997). On both sides
of the North Atlantic, the Caledonian structures are identified in an
up-to 200 km wide onshore zone. Further, on both sides of the North
Atlantic, a 100-600 km wide continental shelf separates the land
areas from the deep ocean. This shelf probably was also affected by
the Caledonian tectonic events (Olesen et al., 2002).

The major geological boundary in Europe, the Trans-European
Suture Zone (TESZ) marks the southwestern margin of the Protero-
zoic crustal domains of the Baltic Shield and the East European Plat-
form. It came into existence during the accretion of a series of ter-
ranes during the Caledonian and the Variscan (430-280 Ma) oroge-
nies (cf. Thybo et al., 2002, and references therein). The southwest-
ern, Proterozoic and Palaeozoic part of Norden subsided during the
late Palaeozoic and Mesozoic to form the North Sea basins. This
basin formation followed intensive rifting episodes at, for example,
the economically important Central Graben in the North Sea and the
Oslo Graben (Ramberg and Smithson, 1975; Olsen, 1995).

The youngest (<16 Ma) onshore crust in Norden is located in
Iceland, although Caledonian and older ages have been reported for
the recycled crust (Korenaga and Kelemen, 2000). One of two major
positive geoid anomalies on Earth (+60 m) peaks over Iceland. The
positive free air gravity values and the elevated surface topography
indicate significant dynamic support from the mantle in a wide zone
around Iceland, which is situated above sea level at the intersection
of two major tectonic structures: the oceanic spreading zone of the
North Atlantic Ocean (that is the boundary between the American
and European plates, diverging at the rate of 2 cm/y) and the Green-
land-Iceland-Faeroe ridge of shallow bathymetry (Figure 1) and
thick (25-35 km) oceanic crust (Figure 2). The ridge, transversing
the North Atlantic, is interpreted either as a track of a semistationary
(with respect to plate boundary) mantle plume (Lundin and Dore,
2005) or as major melting anomaly associated with a persistent vol-
canism centered at c. 65°N at the Mid-Atlantic ridge (Boutilier and
Keen, 1999). In Iceland, the spreading ridge migrates eastwards; it
was proposed that over the past 17 Ma (and perhaps as long as 26
Ma) spreading in Iceland has occurred along two parallel ridges
(Foulger and Anderson, 2005). Tertiary flood basalts and shield vol-
canoes in the axial rift zone of Iceland are composed of primitive
olivine-tholeiites generated at 20-40 km depth (Schiellerup, 1995).
Icelandic basalts have a distinctive depleted component interpreted
to be recycled oceanic crust (Chauvel and Hemond, 2002) and an
iron-enriched component derived either from a chiefly eclogitic
source (Foulger et al., 2005) or from an ancient OIB seamount struc-
ture (McKenzie at al., 2004). The source may also contain fragments
of Caledonian and older continental lithosphere (Korenaga and
Kelemen, 2000), e.g. the Jan Mayen microcontinent that separated
from East Greenland c. 44 Ma or continental lithosphere delami-
nated during the opening of the North Atlantic.

Crustal thickness

The crustal thickness in the Nordic area is relatively well known, in
particular in the Baltic Shield and in Iceland, from a series of con-
trolled source seismological surveys (Figure 2). The thickest crust
(>60 km) is observed in a localized area in the Archean and Protero-
zoic terranes of south-central Finland (Tiira et al., 2006). The
Archaean Kola province and most of the Svecofennian province
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Figure 2 Crustal thickness in Northern Europe, Iceland and
Greenland (locations of major seismic profiles are shown by
dashed lines, seismic stations in Greenland are shown by red
diamonds).  Data sources: see Artemieva et al. (2006) and
Artemieva (2007) with additions from Korsman et al. (1999),
Tsikalas et al. (2005), Hyvonen et al. (2007), Kelly et al. (2007),
and Olsson et al. (2007) for Northern Europe; Kumar et al.
(2007), Dahl-Jensen et al. (1998, 2003), Holbrook et al. (2001),
and Chian and Louden (1992) for Greenland; Bott and
Gunnarsson (1980) for Iceland-Faeroe ridge and Kodaira et al.
(1998) for Jan Mayen microcontinent.

have crustal thicknesses of 40-50 km, similar to most of the East
European Platform further to the southeast. The Caledonian
deformed belt is characterized by a relatively thin crust (30-36 km),
although values of c. 40 km have been reported for the southern part
of Norway (Svenningsen et al., 2007). Most of this region has further
been subject to the effects of ocean break-up along the Norwegian
coast and to intensive rifting episodes with related crustal thinning in
the North Sea area (Beach, 1986; Olsen, 1995). The TESZ marks a
sharp transition from a thick (typically >40 km) Precambrian to a
thin (28-32 km) Phanerozoic crust, although the Precambrian crust
in the Tornquist Fan area of the North Sea basin has been signifi-
cantly thinned (to c. 25-30 km) in-between thicker, more stable
blocks during Paleozoic-Mesozoic rifting and basin formation
(Thybo, 1997).

A substantial number of seismic and gravity studies have chal-
lenged estimates of the crustal thickness in Iceland. Two competing
points of view exist: thin crust and thick crust (see e.g., Foulger et
al., 2005 for overview). Both interpretations are based chiefly on
similar or the same seismic data, which indicate a gradual increase in
Vp seismic velocity from 6.5-7.0 km/s in the oceanic Layer 3 at
depths above 10-20 km to Vp~7.0-7.6 km/s in Layer 4, that extends
down to at least 60 km depth (Angenheistr et al., 1980). The major
difference between “thin” and “thick” crustal models is in petrologi-
cal and tectonic interpretations of Layer 4. In the thin-crust model,
layer 4 is interpreted as anomalous peridotite mantle with a melt con-
tent of c. 2% (Schmeling, 1985). The thick-crust model interprets
Layer 4 as gabbroic “lower crust” with some lenses of melt. Note
that in both models partial melts are expected below 10-20 km
depth.

According to the thin-crust model (Palmason, 1971), crustal
thickness is 10—15 km under the main rifting axes increasing to c. 25
km in the oldest, Tertiary, eastern and western parts of Iceland. Thin
crust is supported by electromagnetic studies (Bjornsson et al.,
2005), which indicate the presence of electrical conductor at <15 km
depth below the active rift zones and at >25 km depth in Tertiary
areas. The thick-crust model interprets the crust to be 3540 km in
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central Iceland thinning to 30 km in the eastern and northern areas
and to 20-25 km in the western and southern areas. This model is
supported by the presence of deep seismic reflectors at 2040 km
depth (Gebrande et al., 1980; Bjarnason et al., 1993), which are com-
monly interpreted as the Moho (Menke and Levin, 1994; Staples et
al., 1997; Darbyshire et al., 2000). However, the reflectors are frag-
mented and cannot be interpolated into a continuous interface
(Kaban et al., 2002).

Gravity modeling (Darbyshire et al., 2000; Kaban et al., 2002;
Fedorova et al., 2005) fails to discriminate between “thin” and
“thick” crustal models: both crustal models can fit the data and
explain the major Bouguer gravity low centered in east-central Ice-
land (Eysteinsson and Gunmarsson, 1995). They estimate the den-
sity of Layer 4 to be in the range of 3,030-3,150 kg/m3, i.e., inter-
mediate between the typical oceanic crustal densities (2,970 kg/m?3)
and the typical uppermost mantle densities (3,300 kg/m?). Thin-crust
model implies hot lithosphere with a high percent of melt in Layer 4,
not observed in seismic studies. In contrast, thick-crust model
requires low mantle temperatures to keep a 20 km thick gabbroic
Layer 4 below the gabbro solidus (Menke and Levin, 1994). Low
temperatures are consistent with regional off-shore heat flow obser-
vations which do not show any heat flow anomaly (Stein and Stein,
2003). However, they contradict on-shore observations of a high
temperature gradient in Iceland and temperature estimates based on
the maximal earthquake hypocentral depths (Bjarnason et al., 1994).

The crust between Greenland, Iceland, and Faeroe Islands is
surprisingly thick for oceanic crust (normal oceanic crust north and
south of Iceland is 8-10 km thick). The Iceland-Faeroe ridge has a
clear seismic Moho at a 30-35 km depth, and a similar crustal thick-
ness was determined for the Greenland-Iceland ridge (Bott and Gun-
narsson, 1980; Staples et al., 1997; Holbrook et al., 2001). The sym-
metric crustal structure to the west and east of Iceland has been used
to argue against the plume origin of Iceland, unless it was semista-
tionary with respect to the plate boundary (Lundin and Dore, 2005).

The crustal structure of Greenland is relatively poorly known.
A recent broad band seismological experiment, GLATIS (Dahl-
Jensen et al., 2003; Kumar et al., 2007) has provided estimates of the
crustal thickness at about 20 locations by receiver function (RF)
analysis. Most of the seismic stations were deployed close to the
coast, but some of locations are within the central part of the ice
cover (Figure 2). Further, some refraction seismic experiments pro-
vide profiles of crustal structure in the western and southeastern off-
shore parts of Greenland (Chian and Louden, 1992; Dahl-Jensen et
al., 1998; Holbrook et al., 2001).

All onshore determinations of crustal thickness in Greenland
are based on receiver function analysis of the depth to a seismic con-
verter. They indicate that the crust below central Greenland is 40-45
km thick and that it thins towards the coasts, where values of some
30 km are estimated. It is remarkable that the highest bedrock eleva-
tion in Greenland (c. 2.0 km along the eastern coast) is apparently
underlain by a relatively thin crust (c. 25-30 km). However, some of
the values for eastern Greenland have been determined at locations
close to the areas with extended continental crust. Therefore, it can-
not be excluded that a high-velocity layer in the lower crust has not
been identified as a part of the crust in the RF analysis. This is, in
particular, very likely in the near-shore areas with extended crust, as
exemplified by the significant discrepancy in the values reported by
different groups: while the receiver function analysis gives values of
around 30 km, seismic refraction profiles within a distance of less
than 50 km from the shore indicate crustal thicknesses of c. 40—45
km along both the southwestern (e.g., Dahl-Jensen et al., 1998) and
the eastern coasts (Chian and Louden, 1992). Along the coast of the
North Atlantic Ocean, the lowest crust has extremely high seismic
velocity (7.4-7.6 km/s which may be related to magmatic underplat-
ing, Dahl-Jensen et al., 1998) such that the strongest seismic con-
verter may well be the transition from the middle to the lower crust,
and not the Moho.

Seismic structure of the upper mantle

Interpretations of seismic reflection/refraction profiles, regional and
global upper mantle seismic tomography, thermal, gravity, electro-
magnetic, xenolith, and elastic data (Artemieva et al., 2006 and ref-
erences therein) provide an extensive database on the lithospheric
structure of the Baltic Shield, whereas the information on the deep
structure of Iceland and, in particular, Greenland remains sparse and,
in some cases, controversial (e.g., Ritsema and Allen, 2003; Dar-
byshire et al., 2004; Foulger et al., 2005). In this situation, global
tomographic models provide a means for a comparison of the deep
structure of the upper mantle of the entire Norden, illustrated here by
the variation in seismic S-wave velocity at a depth of 150 km
(Figure 3). The resolution for the body-wave seismic tomography
model is at least 500 km horizontally and no better than 50-100 km
vertically.

At 150 km depth, high S-wave velocity (>4.6 km/s) is observed
in the Precambrian terranes of the East European Craton (which out-
crops in the Baltic Shield) and Greenland, where lithospheric keels
generally extend down to at least 200 km depth (Artemieva and
Mooney, 2001). Areas close to the cratonic edges have smaller
velocity associated with the transition from lithospheric to sublithos-
pheric mantle at c. 120—-150 km depth. Within the regions with Pre-
cambrian crust in Northern Europe, the rifted area of the North Sea,
where the lithospheric thickness is c. 100 km, shows a strong low
velocity anomaly, with velocities smaller than 4.5 km/s. The transi-
tion from the cratonic to the Phanerozoic lithosphere in Northern
Europe is marked by a pronounced decrease in seismic velocities at
150 km depth across the TESZ (Zielhuis and Nolet, 1994).

Like for the Precambrian Baltic Shield, high seismic velocities
(>4.6 km/s) are observed for Greenland (Figure 3). Similar values
have been calculated in surface-wave tomography models (Shapiro
and Ritzwoller, 2002; Darbyshire et al., 2004), although their lateral
resolution is lower than the resolution of the body-wave model
(Grand, 2002). Seismic velocities in the tomography models (in par-
ticular, for surface waves) are sensitive to the corrections for the
crustal structure, which is poorly known for the inland parts of
Greenland. Thus, the velocity map for Greenland should be treated
with some caution. The coastal areas of Greenland with extended
crust towards the North Atlantic Ocean have low upper mantle seis-
mic velocities. Similarly, low velocities are observed in the south-
ernmost part of Greenland, which also may be an effect of the prox-
imal continent to ocean transition. Part of the low-velocity anomaly

Depth 100-175 km

Vs, km/s

Figure 3 S-wave velocities in Northern Europe, Iceland and
Greenland at 100-175 km depth based on the global body-wave
seismic tomography model of Grand (2002).
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at the southeastern coast can result from the smearing effect of the
strong low-velocity anomaly around Iceland (Figure 3).

A layer below a depth of 100 km with slightly reduced seismic
velocity has been identified by surface wave interpretation in the
Baltic Shield and in Greenland (Bruneton et al., 2004; Darbyshire et
al., 2004), thus confirming global analysis of body waves (Thybo
and Perchuc, 1997). A recent interpretation by S-receiver function
analysis of data from Greenland, Iceland and the North Atlantic
shows a seismic interface at a depth of c¢. 100 km throughout the
region (Kumar et al., 2006). Although these authors interpret this
converter as the base of the lithosphere, it coincides with the top of
the global, reduced-velocity zone in the upper mantle and in areas
with a >200 km thick lithosphere this converter represents an intra-
lithospheric feature. In Precambrian areas, typical seismic velocity
anomalies above and below this layer are Vs ~+1+3% (with respect
to the global continental reference model ak135), while within the
layer they drop to dVs ~0+2%. In the high-velocity lithospheric
mantle of the Baltic Shield, this layer is about 60 km thick with its
thickness decreasing towards the oldest parts of the shield, generally
with low heat flow. The nature of the reduced-velocity zone is still
debated. Possible interpretations include: (a) high homologous man-
tle temperatures (c. 0.85*Tm, where Tm is wet solidus temperature)
(Thybo, 2006) at which a sharp change in rheology and elastic prop-
erties of olivine-rich rocks (with a few percent drop in seismic veloc-
ities) is expected from laboratory experiments (Sato et al., 1989), or
(b) petrologic heterogeneity in the lithosphere, e.g., associated with
regional metasomatism (Artemieva, 2003). Note that neither thermal
models (Artemieva, 2003), nor petrologic data on mantle-derived
xenoliths (Kukkonen and Peltonen, 1999) require the presence of
asthenospheric material in the upper 250-300 km beneath the
Archean—early Proterozoic part of the Baltic Shield.

Surface wave tomography indicates that the upper mantle of
Iceland exhibits a significant, isolated (c. 1,000 km in diameter), low
S-wave velocity anomaly, which may extend to depths of at least 600
km (Figure 4a). This observation, together with a similar anomaly in
the body-wave tomography model (Bijwaard and Spakman, 1999),
where the P-wave anomaly persists below the transition zone, has
been interpreted by some authors as evidence for a mantle plume
(e.g., Bijwaard and Spakman, 1999; Ritsema and Allen, 2003). The
observed S- and P-wave velocity anomaly (c. 5-10%) in the shallow
mantle suggests a temperature anomaly of ¢. 50-100 °C and <1% of
melt (perhaps as little as <0.1%) (Foulger et al., 2005 and references
therein). Receiver function analysis of seismic data from Iceland
(Vinnik et al., 2005) contributes to the on-going debate on the very
existence of the Iceland plume (Foulger and Anderson, 2005) and
challenges the conclusion of its existence (Figure 4b): it reveals the
presence of a low-velocity zone in the shallow mantle only (centered
at a depth of 100 km) and the normal thickness of the transition zone
(a weak depression of the 410 km discontinuity can be explained by
a c. 50 °C thermal anomaly, Presnall, 1995).

Courtillot et al. (2003) have proposed 5 criteria considered to
characterize plumes (hot-spot track, large igneous province at one of
the ends, high buoyancy flux, high 3He/*He ratio, and low seismic
velocities in the mantle), and concluded that Iceland is a major
hotspot, which satisfies at least 4 of the criteria. Anderson (2005)
extended the number of “plume-criteria” to 12 (including the para-
meters which characterize seismic structure of the entire mantle and
its thermal state) and concluded that Iceland equals on “plume” and
“plate tectonics” scores, the major plume evidences being a low-
velocity anomaly in the upper 400 km and 3He/*He ratios among the
highest on Earth. Laboratory simulations of plume generation, evo-
lution, and death in thermo-chemical convection (Davaille and Vat-
teville, 2005) provide an elegant resolution of the debate on the exis-
tence of the Iceland plume: in a dying plume, negative compositional
buoyancy is no longer compensated by a positive thermal buoyancy,
resulting in a downward flow along still hotter-than-normal “plume
channel” seen in seismic tomography models for Iceland. Further,
dying “plumes start disappearing from the bottom up, sometimes
even before reaching the upper boundary”, and “they finally fade
away by thermal diffusion. This sequence of events shows that time-
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Figure4 (a) Seismic tomographic profile along the Mid-Atlantic
Ridge (MOR) (after Ritsema & Allen, 2003). Note the strong
negative relative velocity anomaly around Iceland extending down
to 660 km and interpreted as the signature of a mantle plume.
(b) Seismic velocity model based on calculation of Receiver
Functions for a station on Iceland (red line, after Vinnik et al.,
2005). Note that, as compared to the velocity profile in (a), a
velocity anomaly (red line) with respect to the global continental
velocity profile (IASP91 model, blue line) is observed only down to
a 400 km depth, with its amplitude decreasing with depth (global
velocity model PREM is shown by black line). The receiver
Sfunction interpretation shows seismic converters surrounding the
low velocity zone below 100 km and at the 410 and 660 km
discontinuities.

dependence is a key-factor when interpreting present-day tomo-
graphic images of mantle upwellings. In particular, it could be erro-
neous to identify the depth of a present-day slow seismic anomaly
with the depth of its origin, or to interpret the absence of a long tail
as the absence of a plume.” (Davaille and Vatteville, 2005).

Global analyses of mantle-derived xenoliths indicate significant
lateral and vertical compositional heterogeneity of the upper mantle,
which reflects its tectonic and geological evolution. Since seismic
velocities are sensitive to temperature of the mantle rocks (e.g. Jack-
son, 2000), variations in the thermal regime of the upper mantle can
effectively mask velocity anomalies of a non-thermal origin caused
by variations in composition, volatiles, as well as anelasticity, varia-
tions in grain size, and anisotropy. The Vp/Vs ratio is more sensitive
to compositional than to thermal effects (Lee, 2003) and thus pro-
vides valuable information on the structure and compositional varia-
tions in the upper mantle (Figure 5). Since no high-resolution P-
wave velocity model is available for Greenland, we limit the discus-
sion to the Baltic Shield and the adjacent regions. Low values of
Vp/Vs ratio indicate that a highly depleted (primarily in the basaltic
component) mantle in the central part of the Baltic Shield, identified
by geochemical studies of mantle-derived xenoliths (Peltonen and
Brugmann, 2006), extends well into the Precambrian East European
Platform. Gravity (Kaban et al., 2003) and buoyancy (Artemieva,
2003) modeling provide further evidence that lithospheric mantle of
the Precambrian Europe is low-dense and thus depleted. The transi-
tion to the fertile Phanerozoic mantle of western Europe is marked
by a sharp change to higher Vp/Vs values along the TESZ. The rifted
areas of northern Europe with Precambrian crust, including the
North Sea area and the Oslo Rift, show high Vp/Vs values indicative
of a fertile mantle composition at sublithospheric depths.
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Figure 5 Compositional heterogeneity in the lithospheric mantle
of Northern Europe, based on the Vp/Vs ratio. (Modified after
Artemieva et al., 2006 and calculated using the S-wave surface-
wave tomography model of Shapiro & Ritzwoller, 2002 and P-
wave body-wave tomography model of Bijwaard & Spakman,
1999).

Lithospheric thickness

Geophysical data (primarily global seismic tomography models
[e.g., Grand, 2002; Shapiro and Ritzwoller, 2002] and the global ther-
mal model for the continents [Artemieva, 2006]) provide a unique
possibility to construct a map of lithospheric thickness of Norden
(Figure 6). Here, the base of seismic lithosphere is defined as a depth
to (2+0.5)% velocity anomaly (with respect to continental reference
model ak135 for continents and to global PREM model for oceans),
while the base of thermal lithosphere is defined by a depth where
mantle temperature reaches 1300 °C. Figure 6 provides an integrated
interpretation of seismic and thermal data, since thicknesses of seis-
mic and thermal lithospheres may differ by as much as 40-50 km in
stable continental regions (Jaupart and Mareschal, 1999). The resolu-
tion of the map is effectively controlled by the heat flow and seismic
data coverage, which is dense for the Baltic Shield and more coarse
for Greenland and the western North Atlantic Ocean.

Thick lithospheric keels, extending to at least a 250 km depth,
have been identified with certainty beneath the Archaean provinces
of the Baltic Shield and the central and southern parts of Greenland
(Figures 6a, b). The existence of a high-velocity upper mantle down
to a depth of 200-250 km beneath much of the EEC, including most
of the Baltic Shield, is supported by regional dispersion analyses of
long-period Rayleigh waves (Calcagnile, 1991) and by large-scale
P- and S-wave seismic tomography models. However, most surface
wave models loose resolution at depths below c. 200 km and cannot
provide reliable constraints on the mantle structure below this depth.
Lithospheric geotherms constrained by surface heat flow measure-
ments (Artemieva, 2003) and mantle-derived xenoliths from central
Finland and the Arkhangelsk region of northern Russia (Kukkonen
and Peltonen, 1999) confirm the presence of cold thick (>250 km)
lithospheric keels in these provinces of Baltica.

The region of the anomalously thick crust in the Baltic Shield
(Figure 2) is located at the suture between the Archean and early Pro-
terozoic blocks which formed during Proterozoic accretion of the
Svecofennian provinces to the Archean Karelian block (Korja et al.,
1993). Within the resolution of the crustal and upper mantle models,
it may mark the edge of the thickest lithospheric keel in the Baltic
Shield (Figure 6). Most of the crustal roots were only recently iden-
tified beneath Proterozoic western Finland (Hyvonen et al., 2007;
Olsson et al., 2007) and their tectonic origin remains unclear. The
small size of the region (c. 5S00¥300 km), where both the crust and

the lithosphere have anomalous thicknesses, suggests that the crustal
and lithospheric roots could have formed during the same tectonic
event and that they may represent a unique preserved remnant of an
ancient continent-continent or continent-ocean collision zone
(Artemieva, 2006). The geographical distribution of mid-
Proterozoic rapakivi granite intrusions at the northwestern, western
and southern sides of the region of thick lithosphere suggests that heat
from the mantle has been deflected by the pre-existing lithospheric
keel (Ballard and Pollack, 1987), causing magma generation along its
rim. The deflection of heat from the mantle could further have
assisted the survival of this thick keel during the mid-Proterozoic
tectono-thermal activity in the region, which led to the formation of
the Baltic/Bothnian Sea basin “embracing” the region of anomalously
thick lithosphere in west-central Finland (Artemieva et al., 2006).
Similarly, both in central and southern Greenland the locations
of the thickest crust and the thickest lithosphere are spatially close
(Figures 2, 6). Due to the near-vertical wave propagation of teleseis-
mic body-waves, the tomography model (Grand, 2002) used to con-
strain lithospheric thickness is only weakly sensitive to the crustal
structure. Therefore, the spatial correlation between the maps of
crustal and lithospheric thicknesses cannot be entirely attributed to
incomplete crustal correction, although the lateral resolution of the
seismic models is relatively low in Greenland. The thick lithospheric
keel in the southern part of Greenland underlies Archean crust which
outcrops along the coasts. The age of the lithosphere terrane in cen-
tral Greenland is unknown. Here a (2+0.5)% S-wave velocity anom-
aly based on both body-waves (Grand, 2002) and surface-waves
(Shapiro and Ritzwoller, 2002) tomography models extends deeper
than 250 km. This observation may provide evidence for specula-
tions about the age of the crust and lithospheric mantle in large parts
of the ice-covered areas of Greenland. In southern Greenland, the
northern margin of the region of anomalously thick crust and lithos-
phere (approximately at the latitude of the Arctic Circle) corre-
sponds to the boundary between the Archean and early Proterozoic
terranes, as evidenced by basement rock outcrops along the western
and eastern coasts. While the thicknesses of the lithospheric keels in
Greenland and the Baltic Shield are comparable, the maximum
observed thickness of the crust is significantly smaller in Greenland
than in the Baltic Shield (45-48 km versus >60 km). Nevertheless,
the analogy to the Baltic Shield may indicate that the thickest crust
and the thickest lithosphere in southern Greenland next to the
Archaean-Proterozoic suture can be a remnant of late Proterozoic
plate tectonic events. The situation in central Greenland is less clear
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Figure 6 Lithosphere thickness in Norden, based on the global
body-wave seismic tomography model of Grand (2002) and
defined by a (2+0.5)% 6Vs anomaly with respect to the global
continental reference model akl35 (Kennett et al., 1995) for the
continents and with respect to PREM model for the oceans.
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due to the lack of data on crustal ages. Below Iceland, where lithos-
phere stretching along the Mid-Atlantic Ridge leads to partial melt-
ing at shallow depth and magmatic formation of new basaltic crust,
lithospheric thickness is, as expected, small (<50 km).

Profiles of lithospheric structure

Two profiles of the lithospheric structure (Figures 7a, b) summarize

the above overview and illustrate lateral and vertical variations in

physical properties of the crust and upper mantle in Deep Norden.

The North-to-South trending profile across the Nordic countries

(Figure 7a) follows the northern part of the EGT (European GeoTra-

verse, Blundell et al., 1992) and crosses the following structures

from north to south:

(a) aregion with very thick crust and lithosphere in the Baltic Shield
with significant variation in crustal thickness between different
Precambrian blocks;

(b)dipping structures in the lithospheric mantle, recognized in
regional seismic surveys in the Bothnian Gulf of the Baltic Sea
and interpreted as Proterozoic subduction zones within the cra-
tonic lithospheric mantle (BABEL Working Group, 1990;
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Abramovitz et al., 1997). Magmatic intrusions within the Trans-
Scandinavian-Igneous Belt (TIB) may be associated with the
same tectonic events or younger features. Dipping structures in
the lithospheric mantle further south haves been interpreted as
evidence for the Caledonian subduction at the southern margin of
the craton (MONA LISA WG, 1997).

(¢) The transition from the cratonic mantle of Baltica to Phanerozoic
mantle of the European plate (at the TESZ) is marked by a sharp
change in seismic velocities and Vp/Vs ratio, which indicates a
different composition of the mantle (primarily, the degree of
mantle depletion). Gravity and buoyancy modeling require sig-
nificantly different densities of Phanerozoic and Precambrian
European lithospheric mantle and support this conclusion. The
transition is further marked by a pronounced contrast in lithos-
pheric and crustal thickness. The remnant of the Avalonia micro-
continent is caught between the Baltica and the European plates;
a dipping seismic reflector associated with the Paleozoic subduc-
tion zone marks its southern edge (near the Elbe River in North-
ern Germany) (Thybo, 1997).

The East-to-West trending profile along latitude 65°N (Figure
7b) illustrates variations in lithospheric structure from Greenland in
the west, across the North Atlantic Ocean and Iceland, to the Baltic
Shield in the east. Two zones of major contrasts in lithospheric struc-

? Sedimentary basin

~ Granite intrusions
)

W Palaeo-terraneboundary

Mormal-incidence
seismic reflector

BALTIC SHIELD

LVZ: Reduced velocity (AV~+1% of iasp91)

Figure 7. Two profiles through the lithosphere of Norden (see Figure

1a for locations): (a) N-S along the EGT profile (modified after

Artemieva et al., 2006), (b) W-E along 65N latitude. The uncertainty of lithospheric thickness values is assessed to c. 50 km.
Abbreviations: LAB - lithosphere-asthenosphere boundary, TESZ - Trans-European Suture Zone.
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ture are associated with the craton-ocean transitions at the western

and eastern coasts of the North Atlantic.

(a) The thickest crust with Moho at a depth of 60 km has only been
observed in the central Baltic Shield, whereas the available seis-
mic data indicate more moderate values of crustal thickness in
Greenland.

(b) The extended crust along the continental margins of the North
Atlantic, at the edges of the Caledonides, is thinned to c. 28-35
km and is underlain by intermediate thickness lithosphere
(80-120 km). Several geophysical experiments have demon-
strated the presence of a high-velocity layer in the lowermost
crust of these regions, which probably represents a layer of mag-
matic underplating (e.g., Staples et al., 1997; Dahl-Jensen et al.,
1998; Holbrook et al., 2001; Raum et al., 2002) brought into exis-
tence during the break-up of the North Atlantic Ocean.

(c) A remarkable feature is the belt of thick (30-35 km) crust extend-
ing from Greenland through Iceland to the Faeroe Islands, across
the North Atlantic Ocean. The origin of this belt of thick
(oceanic?) crust with a thickness comparable to continental crust,
is enigmatic. The oceanic magnetic lineaments are indistinct or
non-existing in this zone. The formation of this thick crust may
be related to the passage of the proposed Iceland plume (e.g.,
Holbrook, 2001), which, in this case, should be semistationary
with respect to the diverging boundary between the American
and the European plates (Lundin and Dore, 2002). The depth
extent and width of the mantle plume are unknown (seismic
images of the region are highly controversial), and new high-res-
olution seismological data acquisition is needed before a conclu-
sion can be made concerning its existence.

Conclusions

We have compiled the available geophysical data on the structure of
the crust and lithospheric mantle of Norden, which may be summa-
rized as the followings:

— Thick lithosphere (>200 km) underlies the Precambrian parts of
the continents. In some areas, regions with anomalously thick
crust and very thick lithosphere (>250 km) spatially correlate and
are close to the Archean-Proterozoic suture zones. These may
represent remnants of Precambrian collisional tectonic events.

— Sub-Moho seismic reflectors observed in the cratonic mantle of
Baltica may represent paleo-subduction features preserved since
the Proterozoic.

— Passive margins of the North Atlantic Ocean are underlain by
magmatic underplated material in the lowermost crust.

— The crust below Iceland and the Denmark Strait in the North
Atlantic is unexpectedly thick and may be explained by the
“plume passage” model.

— The topography of basement rocks in central Greenland is nega-
tive; the load of the ice cap in Greenland may be kept in isostatic
balance by the buoyancy of the lithosphere.

— Seismic evidence for the presence of the proposed mantle plume
beneath Iceland remains controversial and its presence has not
yet been uniquely demonstrated.
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